Introduction
Asthma is a chronic inflammatory disease of the lung tissue that is characterized by the infiltration of inflammatory cells, airway inflammation, and airway hyperresponsiveness (AHR) [1, 2] . In the last decades, asthma has been associated with significant morbidity and mortality worldwide [3, 4] . Clinical and experimental investigations have demonstrated that Th2 type cytokines play a pivotal role in the pathophysiology of asthma. IL-4, IL-5, and IL-13 are important Th2 cytokines that have been reported to be involved in the development of asthma [5] . Recently, studies have shown that maintaining the Th1/ Th2 immune balance could protect against ovalbumin (OVA)-induced asthma [6, 7] , and there have been several asthma treatment trials based on modulation of immune responses. Studies showed that many herbal medicines protected against OVA-induced asthma by regulating the Th1/Th2 balance [8, 9] .
Sappanone A (SA), a homoisoflavanone that is isolated from the heartwood of Caesalpinia sappan , has been reported to have an anti-inflammatory effect. SA has been reported to inhibit IL-6 production in RAW264.7 cells [10] . Also, SA could inhibit LPS-induced iNOS expression and NO production. Furthermore, SA has been known to protect against LPS-induced mortality in mice [11] . The anti-inflammatory mechanism of SA was based on the inhibition of NF-κB activation. However, the protective effects of SA in a murine model of OVA-induced asthma have not been reported. Thus, in the present study, we investigated the protective effects and the potential mechanism of SA in a murine model of OVA-induced asthma.
Materials and Methods

Chemicals and Reagents
Dimethyl sulfoxide and OVA were purchased from Sigma (St. Louis, Mo., USA). Dexamethasone was obtained from Changle Pharmaceutical Co. (Xinxiang, Henan, China). Mouse IL-4, IL-5, and IL-13 ELISA kits were obtained from Biolegend (USA). Mouse IFN-γ and IgE ELISA kits were obtained from eBioscience (USA). Nrf2 and HO-1 antibodies were purchased from Cell Signaling Technology Inc. (Beverly, Mass., USA). All other chemicals were of reagent grade.
Animals
Female BALB/c mice (6-8 weeks) were purchased from the Center of Experimental Animals of Jilin University (Jilin, China).
Before the experiments, all the mice were fed under standard conditions to adopt the environment for 1 week. The mice were given distilled water and standard chow ad libitum. All animal experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health.
Experimental Protocols
Sixty mice were divided into six groups: the control group, OVA group, SA (50 mg/kg) group, and OVA + SA (12.5, 25 and 50 mg/kg) groups. On days 0 and 14, the mice were sensitized via an intraperitoneal injection of 20 μg of OVA emulsified with 2 mg aluminum hydroxide in a total volume of 200 μl PBS (pH 7.4) as an adjuvant. The mice were challenged by intranasal inhalations with 100 μg OVA at days 21, 22, and 23; 20 mg SA was dissolved in 0.2 ml dimethyl sulfoxide and then dissolved in PBS to the concentrations of 12.5, 25 and 50 mg/kg. The doses of SA used in this study were based on previous studies [11, 12] . SA (12.5, 25 and 50 mg/kg) was intraperitoneally given 1 h before the OVA challenge. The mice of the SA alone group received equal amounts of the vehicle for OVA. The mice of the control group received equal amounts of the vehicle for OVA and vehicle for SA.
Collection of Blood and Bronchoalveolar Lavage Fluid
Mice were anesthetized 24 h after the last challenge. Blood was collected by puncturing the vena cava and centrifuged at 4 ° C (3,000 rpm) for 10 min, and the serum was stored at -80 ° C for IgE assay. The lungs were washed twice by intratracheal instillation with cold PBS (0.5 ml) to collect bronchoalveolar lavage fluid (BALF). The samples were collected and immediately centrifuged at 1,000 g at 4 ° C for 10 min. The supernatants were stored at -80 ° C for the determination of cytokines. The cell pellets were obtained and resuspended in PBS for total and differential cell counts.
Enzyme-Linked Immunosorbent Assay
The levels of IL-4, IL-5, and IL-13 in BALF were measured by using ELISA kits (Biolegend, USA) according to the manufacturer's instructions. The level of IFN-γ in BALF and IgE in serum were quantified using ELISA kits (eBioscience, USA) according to the manufacturer's instructions.
Histological Analysis
Twenty-four hours after the last challenge, lung tissues were removed and fixed in 10% neutral formalin. Then the tissues were sectioned, embedded in paraffin, and cut into 5-μm sections. Lung sections were stained with hematoxylin and eosin (HE) to estimate lung histological changes. The histological changes in the lungs were scored as previously described [13] . Each histological characteristic was scored 0-5.
Western Blot Analysis
Lung tissues were homogenized with a lysis buffer with protease and phosphatase inhibitors and then centrifuged at 3,000 g for 10 min at 4 ° C. The supernatant was collected, and the total protein concentration was determined using the BCA protein assay kit. Twenty micrograms of proteins were separated by 10% SDS-PAGE and electroblotted onto PVDF membranes. The membranes were blocked in 5% nonfat milk for 2 h at room temperature. Then, the membranes were incubated overnight at 4 ° C with specific antibodies against Nrf2 and HO-1. After washing three times, the membranes were incubated with HRP-labeled secondary antibodies. Finally, blots were tested by ECL plus Western Blotting Detection System (Amersham Life Sciences, UK). 182 Evaluation of AHR Twenty-four hours after the last challenge, mice were anesthetized using ketamine/xylazine. AHR was measured with a wholebody and invasive plethysmography (Buxco Electronics Inc., N.Y., USA) according to previous studies [14] .
Statistical Analysis
Data were expressed as mean ± SEM. The data were analyzed using one-way analysis of variance, followed by Tukey's post hoc test using the IBM SPSS Statistics (SPSS Inc., Chicago, Ill., USA). Statistical significance was set at p < 0.05 or p < 0.01.
Results
SA Reduced Inflammatory Cells in BALF
BALF was collected 24 h after the last OVA challenge; the effects of SA on the total cell and differential cell counts were evaluated in this study. As shown in figure 1 , in comparison with the control group, the numbers of total cells, macrophages, neutrophils, eosinophils, and lymphocytes in BALF did not increase in the SA-treated group. In comparison with the control group, the numbers of total cells, macrophages, neutrophils, eosinophils, and lymphocytes in BALF were markedly increased in the OVA-treated group. Treatment with SA significantly inhibited the increases induced by OVA.
Effects of SA on Th1/Th2 Cytokines in BALF and OVA-Specific IgE in Serum
To detect the effects of SA on Th1/Th2 cytokine secretion, the levels of IL-4, IL-5, IL-13, and IFN-γ were detected 24 h after the last challenge ( fig. 2 ) . The results showed that in comparison with the control group, the levels of IL-4, IL-5, IL-13 did not increase in the SA-treated group. The levels of IL-4, IL-5, IL-13 increased significantly in OVA-treated mice. However, the increases were inhibited by SA. The level of IFN-γ was decreased by OVA and the decrease was upregulated by the treatment with SA. In addition, the level of IgE in serum was increased significantly in OVA-challenged mice. The treatment with SA dose-dependently inhibited OVAinduced IgE production.
SA Ameliorated Pathological Changes of Lung Tissue
In this study, HE staining was used to observe the histological features of lung tissue. As shown in figure 3 , normal lung histology was observed in the control group and SA alone group. The lung tissues of OVA-treated mice showed significant pathological changes, such as inflammatory cell infiltration into the peribronchial areas, mucus overproduction and goblet cell hyperplasia. However, these pathological changes induced by OVA were significantly inhibited by SA. 
SA Inhibits AHR in OVA-Induced Mouse Asthma
The effects of SA on AHR were detected by Penh in response to increased doses of methacholine. As shown in figure 4 , in comparison with the control group, the Penh value did not increase in the SA-treated group. In comparison with the control group, the Penh value increased significantly in the OVA-treated group. However, the increase was dose-dependently inhibited by the treatment with SA.
Effects of SA on the Nrf2 Signaling Pathway
We assessed the effects of SA on the Nrf2 signaling pathway by Western blot analysis. As shown in figure 5 , the levels of Nrf2 and HO-1 were decreased by OVA challenge when compared to the control group. However, the expression of Nrf2 and HO-1 were upregulated by the treatment with SA.
Discussion
In this study, using a mouse model of OVA-induced asthma, we investigated the protective effects of SA on allergic airway inflammation. We showed that the treatment with SA protected against OVA-induced asthma by regulating the Th1/Th2 balance. Inflammation has been reported to play a critical role in the development of asthma [15, 16] . Studies showed that an inflammatory phenotype (Th1 or Th2) is thought to be important as a host factor to modulate tissue injury [17] . Asthma is characterized by a Th2 type immune response, with increases in the number of eosinophils and other inflammatory cells, and increased amounts of Th2 cytokines such as IL-4, IL-5, and IL-13 [18, 19] . In this study, our results showed that SA significantly attenuated the infiltration of eosinophils and other inflammatory cells. Studies showed that many compounds protect against asthma by regulating the Th1/Th2 balance [7, 20] . In this study, our results showed that SA regulated the Th1/Th2 balance, inhibition of IL-4, IL-5, and IL-13 production and upregulation of IFN-γ production. Taken together, these results indicate that SA exerts its anti-asthmatic effect via regulation of the Th1/Th2 balance.
Nrf2, a critical regulator, has been reported to play an important role in oxidative stress [21, 22] . Nrf2 exhibited antioxidant effects by inducing phase II detoxifying enzymes, particularly the HO-1 [21, 23] . Recently, Nrf2 has been reported to be a potential target for asthma [24] . Previous studies showed that many compounds exhibited their anti-asthma effects by activating the Nrf2 signaling pathway. Furthermore, studies showed that Nrf2 was involved in the regulation of the Th2/Th2 balance [25] . Nrf2-deficient mice showed an increase in the number of Th2 cells and Th2 cytokines in the lungs [26] . To investigate the anti-inflammatory mechanism of SA, the effects of SA on the Nrf2 signaling pathway were detected in this study. The results showed that the expression of Nrf2 and HO-1 was upregulated by the treatment with SA. The results indicated that SA protects against OVAinduced asthma by activating the Nrf2 signaling pathway.
In conclusion, the results of this study indicated that administration of SA effectively attenuates OVA-induced allergic airway inflammation. The mechanism of SA is associated with regulating the Th1/Th2 balance through activation of the Nrf2 signaling pathway. SA has a therapeutic potential for treating asthma.
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